Objectives: Mild decrease in core temperature (therapeutic hypothermia) provides lasting neuroprotection following cardiac arrest or cerebral ischemia. However, current methods for producing therapeutic hypothermia trigger a cold-defense response that must be countered by sedatives, muscle paralytics, and mechanical ventilation. We aimed to determine methods for producing hypothermia in the conscious mouse by targeting two transient receptor potential channels involved in thermoregulation, two transient receptor potential (TRP) channels involved in thermoregulation, TRP vanilloid 1 (TRPV1) and TRP melastatin 8 (TRPM8). Design: Controlled prospective animal study. Setting: Research laboratory at academic medical center. Subjects: Conscious unrestrained young and aged male mice.
; Sean P. Marrelli, PhD 1, 3 avoid clinical complications that accompany prolonged shivering, this response must be counteracted by sedating narcotics and/or muscle paralytics. These agents often lead to respiratory depression, thus necessitating mechanical ventilation. The combination of difficult implementation, slow achievement of target temperature, and induction of the shiver response during forced cooling limits the applicability and potential effectiveness of traditional TH (6) .
In the current study, we investigated pharmacological hypothermia (PH) through targeting two of the thermosensitive transient receptor potential (TRP) ion channels that play a role in thermoregulation. TRPV1 channels are activated by heat and low pH as well as by exogenous (e.g., capsaicin) and endogenous (e.g., anandamide) chemicals. These channels are expressed in warm-sensing afferent nerve fibers and in hypothalamus (7) , and it is known that activators of TRPV1 channels, such as capsaicin, produce hypothermia in rodents and larger mammals (8, 9) . Systemically administered TRPV1 agonists most likely produce their hypothermic effect by acting on peripheral warm-sensing fibers and/or higher-order hypothalamic sensory neurons within the neural pathway for skin warming (7) . Therefore, by activating TRPV1 channels pharmacologically, a "false" signal that the skin has been warmed is provided to the central thermoregulatory neurons in the hypothalamus-thus initiating heat loss. Conceptually, this strategy pharmacologically mimics skin counter-warming techniques, which were shown to substantially, but not clinically sufficiently, decrease shivering and heat generation in human patients (10) . TRPM8 channels are activated by cooling and are expressed in peripheral and visceral coldsensing nerve fibers (11) (12) (13) (14) . Inhibition of TRPM8 channels significantly reduces perception of cold (12, 15) and inhibits nonshivering thermogenesis in response to decreased core temperature (16) .
There were two primary goals in this study. The first was to establish therapeutically relevant methods of producing hypothermia in a mouse model. Thermoregulation in mice can be quite peculiar and is affected by a plethora of factors (17) . Given the significant potential for transgenic and knockout mouse models, we sought to provide a description of how to promote rapid and sustained hypothermia through TRPV1 channel activation. Because stroke patients are typically conscious at the time of treatment, it was essential that we demonstrate effective methods of hypothermia that are compatible with the awake subject. Further, because stroke patients are typically elderly, it was additionally important to demonstrate that these methods were effective in an aging model. The second goal was to test the hypothesis that TRPM8 channel inhibition facilitates hypothermia as either an independent means or as an adjuvant to TRPV1 channel activation.
MATERIALS AND METHODS
All studies were performed with male mice from colonies maintained at the Baylor College of Medicine (BCM) animal facility. All experiments were approved by the Institutional Animal Care and Use Committee at BCM. CD-1 mice (8-10 wk, 30-45 g) were used for all experiments except for the experiment in the Protocol 3 (see Experimental Protocols), in which C57BL/6 mice were used. The C57BL/6 mice (the background of the aged mice) were used at 9-10 weeks (adult, 26-30 g) or 24 months (aged, 35-42 g). A, Drawing depicting a conscious mouse with implanted drug delivery catheters and temperature probes. Drugs were delivered by one or more syringe pumps and core temperature was measured by abdominal thermocouple or by implanted wireless temperature telemeter. B, Dose-temperature response to a selective TRPV1 agonist (DHC) in mouse (n = 4-5). Each dose was administered in two bolus injections (indicated by the arrows) 30 min apart. The dose indicated reflects the final cumulative dose delivered. In this and subsequent figures, the area shaded in gray shows the temperature range of therapeutic hypothermia (32-34°C).
www.ccmjournal.org e357 Surgical Procedures Mice were anesthetized with isofluorane (5% induction, 2% maintenance) for all surgical procedures. Core temperature (rectal) during surgery was maintained at 37°C by a temperature controller (YSI, Yellow Springs, OH) connected to a heating pad under the animal. The mice were transferred to a warming cage until they could maintain core temperature above 36°C without heat support.
Placement of Drug Delivery Catheters and Thermocouple
A small opening was made in the back skin around the base of the neck and one or two PE-10 catheters (Instech Solomon, San Antonio, TX) were inserted. The catheters were tunneled under the skin caudally and terminated above the abdominal region (Fig. 1A) . A small thermocouple (40 G wire; Omega Engineering, Stamford, CT) was similarly introduced and directed to a lateral region of the abdomen. The abdominal wall was perforated with a 20G needle to place the thermocouple into the abdominal cavity as a measure of core temperature. The catheters and thermocouple were secured with sutures to prevent them from pulling loose in the conscious animal. The catheters emanating from the neck were bundled and passed through a hole in the top of the holding cage. The PE-10 catheters were connected to independent syringe pumps for delivery of compounds without disturbing the animals with a needle injection. The implanted thermocouple and a free thermocouple to measure ambient temperature were connected to a digital thermometer with data logging capability (HH806W, Omega Engineering).
Placement of Wireless Temperature Telemeter
In some mice, core temperature was monitored by a miniature wireless Implantable Programmable Temperature Transponder (IPTT-300, BioMedic Data Systems, Seaford, DE) placed under the skin on the back of the animal. Preliminary studies were performed with mice in which the IPTT-300 and an abdominal thermocouple were placed. There was very good agreement between both methods of measurement both at rest and when core temperature was lowered following dihydrocapsaicin (DHC) infusion (see Drugs section).
Drugs DHC (Cayman Chemical Company, Ann Arbor, MI) was prepared in dimethyl sulfoxide as a stock solution (1 mg/mL) and then diluted five-fold in sterile saline prior to injection. "Compound 5"(3-[7-trifluoromethyl-5-(2-trifluoromethylphenyl)-1H-benzimid-azol-2-yl]-1-oxa-2-azaspiro[4.5]dec-2-ene hydrochloride), a selective TRPM8 antagonist kindly provided by Janssen Research and Development (18) , was prepared in 5% 1-methyl-2-pyrrolidinone (Sigma, St. Louis, MO) and 10% Solutol HS-15 (Sigma). "Compound 5" demonstrates high potency in blocking calcium influx through canine, rat, and human TRPM8 channels heterologously expressed in HEK cells (with respective IC50 values of 0.8, 4.0, and 3.0 nM) and also inhibits cold-induced currents through human TRPM8 in the same expression system (IC50 = ca. 1 nM). In addition, "compound 5" has minimal off-target selectivity, as evidenced by less than 50% inhibition of reference compound binding to any of the targets in the panel of 50 G protein-coupled receptor, transporter, and ion channel assays (Cerep, Poitiers, France) and 190 kinase assays (18) . "Wet-Dog Shakes" Assay To determine if "compound 5" effectively inhibits TRPM8 activity in live mice, a wet-dog shakes (WDS) assay was performed. In this assay, a potent TRPM8 agonist (icilin 3 mg/kg s.c.) was injected in mice treated with "compound 5" or vehicle. Icilin injections in mice produce vivid and quantifiable shaking behaviors (WDS), which are TRPM8-dependent (2, 3, (18) (19) (20) (21) (22) . Accordingly, effective inhibition of TRPM8 is predicted to result in decreased number of icilin-induced behavioral events. "Compound 5" or vehicle was administered 60 minutes prior to icilin. The number of "WDS" was counted over a 5-minute period starting 10 minutes after icilin injection.
Experimental Protocols
In protocol 1, used to establish a method for long-lasting and sustained hypothermia through TRPV1 activation, DHC (2-4 mg/kg) or vehicle (20% DMSO in saline) was infused subcutaneously through the PE-10 catheter in a conscious mouse ( Table 1 ). The full dose was delivered in two bolus injections 30 minutes apart (Fig. 1B) or as continuous infusion with or without an initial bolus injection (Fig. 2) . Core temperature was recorded by the thermocouple implanted in the abdomen; a second thermocouple recorded cage ambient temperature (22-24°C). Temperature was measured at a frequency of 1 sample/min for up to 8 hours after the first infusion. In protocol 2, we determined the desensitization of the hypothermic effect of TRPV1 agonists. Individual mice were injected with a single bolus of DHC (1.25 mg/kg s.c.) on four consecutive days (Fig. 3) . Responses from five mice were averaged to produce a group response from each day. Temperature was measured by telemeter in 10-minute intervals.
Protocol 3 was used to determine the effectiveness of TRPV1 agonists in aged subjects. Young (9-10 wk) or aged (24 mo) mice were injected with a single bolus of DHC (1.25 mg/kg s.c.). Temperature was measured by telemeter for 2 hours after injection (Fig. 4) .
In protocol 4, used to determine the hypothermic effect of TRPM8 inhibition in mildly subneutral and cold environments, "compound 5" (20 mg/kg s.c.) or vehicle was administered to telemeter implanted mice ( Fig. 5) . "Compound 5" is a selective TRPM8 inhibitor (see Drugs section). Core temperature was recorded for 30 minutes starting 30 minutes after the injection, at which point the mice were transferred to a cold room for 2 hours and measured at 20-minute intervals. The individual cages were fitted with a plastic mesh top to allow heat exchange with the atmosphere. Temperature in the cage averaged 8°C.
Protocol 5 was used to determine if TRPM8 inhibition potentiates the hypothermic effect of TRPV1 agonists. TRPM8 antagonist "compound 5" (30 mg/kg i.p.) or vehicle was injected in mice with implanted telemeter (Fig. 6) . After 60 minutes, DHC (0.6, 1.25, or 2.5 mg/kg i.p.) was injected in both groups. Temperature was recorded for 5.5 hours (330 min) from the time of "compound 5" or vehicle injection, with a measurement taken every 10 minutes. The depth of hypothermia was determined by calculating the minimum value (nadir) of T core with each treatment. The duration of hypothermia was determined by measuring the time from DHC injection until recovery of T core to greater than or equal to 34°C to the nearest 10 minutes. The 0.6 mg/kg DHC dose failed to reliably drop T core below 34°C during the experiment and was therefore excluded from T core recovery analysis. In the two groups treated with higher doses of DHC and pretreated with "compound 5," the T core occasionally failed to return to 34°C within the 330-minute measurement period. In these cases (six out of 16 mice), the maximum time value (330 min) was assigned for the recovery time. All mice, however, fully recovered T core by the next morning. In addition, in a single mouse in the vehicle group treated with 2.5 mg/kg DHC, T core did not drop below 34°C. This mouse was assigned the minimum time value (0 min) for the recovery time.
Statistical Analysis
Data are expressed as mean ± sem. A t test was used for single comparisons between two groups with normal distribution. For nonnormally distributed datasets, a Mann-Whitney rank sum test was applied. The two-way repeated-measures analysis of variance was used for comparing groups with repeated measures, using the Holm-Sidak test for individual comparisons. Differences were considered significant at p value less than 0.05.
RESULTS
Our initial experiments focused on achieving rapid and stable hypothermia in conscious mice by selective TRPV1 channel activation with DHC (protocol 1) (8) . Figure 1B shows the resulting core temperature (T core ) in response to subcutaneously delivered DHC (2-4 mg/ kg). To examine the possibility of using bolus injections of DHC for prolonged hypothermic effect in this experiment, each dose was delivered half at 0 minutes and half at 30 minutes (indicated by the arrows). Ambient temperature was maintained at 24°C throughout the experiment. DHC delivered at 2 mg/ kg cumulative dose resulted in a T core within the target therapeutic range (32-34°C), whereas 3 or 4 mg/kg produced an overshoot of the optimal range. Although the 2 mg/kg dose of DHC achieved the therapeutic target range, it only maintained temperature within that range for 70 minutes. We employed a continuous infusion protocol to produce a more stable T core that could be maintained in the therapeutic range (Fig. 2A) . DHC was infused at 1 mg/kg/hr based on the dose required to produce a similar drop in T core in rats (8) . Continuous infusion of DHC indeed produced a more stable drop in T core ; however, it took 95 ± 7 minutes to reach the upper limit of the therapeutic range (Fig. 2C) . In an effort to reach the therapeutic range more rapidly, we employed a protocol wherein a bolus dose (1 mg/kg) was delivered at 0 minutes, followed by continuous infusion (1 mg/kg/hr) beginning at 30 minutes (Fig. 2B) . Through this method, we were able to attain in 29 ± 6 minutes the target temperature (Fig. 2C ) that was stably maintained in the desired range without overshoot.
In the course of these experiments, DHC infusion did not result in any outward signs of distress or discomfort, such as hunched posture, ruffled fur, vocalization, or restlessness. The primary behavioral effect was reduced activity when core temperature dropped below approximately 34°C. In these studies, the methods of DHC infusion did not induce any perceivable nocifensive behaviors.
In successful clinical hypothermic protocols in human patients low temperature was maintained over 12-24 hours and then gradually increased to normal levels (2, 3). Therefore, next we sought to determine whether we could achieve rapidly attained, long-lasting, and reversible hypothermia in mice using pharmacological TRPV1 activation. Figure 2D shows the result of a 6-hour infusion of DHC, as in the protocol above. We achieved rapid drop to 34°C and then maintained temperature within the 32 to 34°C range for the duration of the 6-hour continuous infusion (Fig. 2D) . Once infusion was stopped, T core gradually increased toward the initial baseline value. The time to increase from 34 to 36°C was 45 ± 2 minutes (0.045 ± 0.002°C/min), which was notably slower than the initial drop in temperature.
The hypothermic response to TRPV1 agonists has been shown to desensitize in response to high doses of agonists such as capsaicin and DHC (9, 23) . We therefore examined the potential for DHC infusion at a dose of 1.25 mg/kg to produce hypothermia on four consecutive days (protocol 2, Fig. 3) . We found no attenuation of the effect of DHC from the initial response on day 1.
In light of the greatest need for neuroprotective strategies in the elderly population (such as for stroke), an ideal therapy should be effective in a model of advanced age. We therefore sought to determine if DHC injection (1.25 mg/kg s.c. in bolus) was still effective in aged mice (24 mo) compared to young (9-10 wk) controls (protocol 3, Fig. 4) . We found that the maximum drop in T core , as well as the duration of hypothermia, was actually greater in the aged group.
TRPM8 channels are one of the primary molecular sensory transducers of innocuous cold (12, 15) . These channels become activated upon cooling (< 28°C) and are shown to contribute to the triggering of certain manifestations of the cold-defense response. We hypothesized that TRPM8 is activated during DHC-induced hypothermia and contributes to the recovery of the core temperature after cessation of the DHC action due to clearance. To test this hypothesis, we used a recently developed TRPM8 channel antagonist, "compound 5," which was shown to effectively inhibit TRPM8-dependent responses in vivo in rats with peroral delivery and in mice with intraperitoneal delivery (18, 22) . Because the effectiveness of this compound has not previously been reported with subcutaneous delivery in mouse, we performed a WDS assay for TRPM8 activity to determine the inhibition of TRPM8 by "compound 5." The number of TRPM8-dependent WDS events in response to TRPM8 agonist icilin (3 mg/kg s.c) was determined in mice pretreated with "compound 5" (20 mg/kg s.c.) or vehicle 60 minutes prior to icilin. Pretreatment with "compound 5" reduced the number of events from 10.3 ± 2.4 to 0.3 ± 0.3 (p = 0.015, data not shown), which demonstrated effective in vivo inhibition of the TRPM8 channels in our mouse model.
Having established an effective dose of "compound 5," we next examined the potential for pharmacological TRPM8 inhibition to facilitate lowering of T core in a cold ambient temperature (protocol 4). In this experiment, mice were injected with "compound 5" (20 mg/kg s.c.) or vehicle, after 60 minutes were transferred to a cold environment (8°C) and maintained for 2 hours (Fig. 5) . Vehicle-treated mice experienced a slight drop in T core but still maintained a core temperature above 36°C. "Compound 5"-treated mice had a significantly lower T core compared with vehicle-treated mice by 40 minutes of cold exposure, which ultimately dropped to ~34°C by the end of 2 hours. This result demonstrates that TRPM8 inhibition augments the drop in core temperature during external cooling by physical methods.
TRPM8 inhibitor "compound 5" was then evaluated for the potential to augment and/or prolong the drop in T core elicited by a bolus injection of DHC in mice housed at a mildly subneutral ambient temperature of 24°C (protocol 5). DHC was administered at three doses (0.6, 1.25, and 2.5 mg/kg i.p.) at time 0 to mice pretreated with either "compound 5" (30 mg/kg i.p.) or vehicle (Fig. 6A) . Note that "compound 5" treatment alone produced a slightly lower T core than vehicle (36.1°C vs 36.9°C; n = 21 each; Mann-Whitney rank sum test, p = 0.039), as measured 10 minutes prior to DHC infusion (data not shown), consistent with previous reports on TRPM8 antagonists (17, 24) . Figure  6B summarizes the T core nadir for each dose of DHC following "compound 5" or vehicle pretreatment. Figure 6C presents individual and group median time from DHC injection until recovery of T core to greater than or equal to 34°C.
The hypothermic response following treatment with the lowest dose of DHC (0.6 mg/kg) was unaffected by "compound 5" pretreatment (the nadir of the hypothermic response: 33.6°C ± 0.2°C in vehicle group vs 33.2°C ± 0.6°C in "compound 5" group), whereas the two higher doses (1.25 and 2.5 mg/kg) demonstrated a significant potentiation of both maximum T core drop (the nadir of the hypothermic response with 1.25 mg/kg DHC: 32.6°C ± 0.2°C in vehicle group vs 30.9°C ± 0.6°C in "compound 5" group; with 2.5 mg/kg DHC: 31.8°C ± 0.6°C in vehicle group vs 29.4°C ± 0.9°C in "compound 5" group) and duration of T core in the therapeutic range (median values for the time to recovery of T core to ≥ 34°C with 1.25 mg/kg DHC: 65 min in vehicle group vs 255 min in "compound 5" group; with 2.5 mg/kg DHC: 330 min in vehicle group vs 140 min in "compound 5" group).
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Mild-to-moderate hypothermia (32-34°C) has been shown to be effective in the treatment of cardiac arrest and management of intracranial hypertension following severe head injury in adults, as well as cerebral ischemia in newborns (1-3, 25, 26 ). In addition, hypothermia has shown promise in a number of animal models of neurological injury, including ischemic stroke (25) . Despite this significant promise in animal models, largescale controlled clinical trials have yet to be performed to evaluate the effectiveness of hypothermia for treatment of stroke in humans. Significant impediments to these trials may include unfavorable balance between potential benefit and the difficulty in implementation, clinical complications, and the high cost currently associated with traditional cooling protocols (6, 27) .
The most effective hypothermia protocol should be able to achieve target temperature quickly and maintain that temperature for at least 2-8 hours and up to 24-36 hours (28) . In addition, because many brain injury patients, such as those with ischemic stroke, often arrive at the hospital conscious, it should ideally be compatible with the conscious spontaneously breathing patient. Most current hypothermia protocols, however, require strong sedatives and/or paralytics in order to combat the cold-defense response that is triggered in mammals when core temperature is lowered even slightly. This response involves shivering and nonshivering thermogenesis as well as heat conservation through cutaneous vasoconstriction (7, 29) . Without aggressive pharmacological management of the cold-defense response, cooling of the conscious subject results in undesirable effects such as increased adenosine triphosphate and oxygen consumption, elevated catecholamine release, hyperglycemia, electrolyte and blood gas imbalances, and severe pain. In the present study, we have demonstrated the potential for thermosensitive TRP channel modulators to produce rapid and sustained hypothermia in mice within the mild hypothermic range. Importantly, these methods do not require sedation or paralytics to blunt the cold-defense response and appear to be well tolerated in conscious mice.
Small animals, such as mice, have a relatively low mass-to-surface area relationship and are therefore more susceptible to rapid heat loss and hypothermia. However, cooling of larger animals, such as monkey and calf, by TRPV1 channel agonists has recently been performed (8) , demonstrating the potential for this method in larger mammals such as humans.
In our experiments, subcutaneous and intraperitoneal DHC appeared to be effective and well tolerated in mice at mild hypothermia-inducing doses, with reduced activity being the main observable change in behavior. In a separate study, IV-delivered DHC, at a similar effective dose in rat (0.75 mg/kg/hr), was also shown to be well tolerated (8) . It should be noted that at higher doses (2.2-3 mg/kg/hr), IV DHC produced transient episodes (< 2 min) of hypotension, bradycardia, and electrocardiogram alterations. Although the doses that produced cardiovascular alterations were at least three times greater than the dose required for mild hypothermia (8), it will still be important to further examine exposure limits and delivery routes of TRPV1 agonists in order to avoid undesirable cardiovascular responses.
Because capsaicin and other TRPV1 agonists are known to produce desensitization with chronic or repeated high dose delivery (9, 23, 30, 31) , we were concerned that the hypothermic response may significantly diminish over time or after successive administrations. However, the response to DHC did not show appreciable diminution over a 6-hour continuous infusion period, in contrast to several other TRPV1 agonists that have shown substantially decreased effectiveness after 2 or 3 hours of continuous infusion (8) . We also demonstrated that the hypothermic effect of DHC was not lost after repeated exposures on successive days in the same mice (5 mg/kg cumulative dose).
Given that a number of neurological pathologies are associated with advanced age, it is critical that methods of pharmacologically induced hypothermia be compatible with an aged population. Aged mice have reduced TRPV1 expression in the dorsal root ganglion and peripheral nerves (32) and have greater nonshivering thermogenesis capacity compared with younger adult animals (33) . Surprisingly, when we evaluated DHC-mediated hypothermia in the aged mice, we found that they actually had a greater response to DHC, with significant prolongation of the hypothermic period. This may be explained by reduced capacity for heat production through shivering (24) , reduced metabolic rate in aging (34) or age-dependent differences in drug metabolism or clearance. Regardless of the cause, the above findings indicate that DHC-mediated hypothermia can be used repeatedly without significant loss of efficacy and is very effective in both young and aged mice.
One hypothetical strategy to reduce the therapeutically effective dose of TRPV1 agonists is to combine these agonists with TRPM8 antagonists. We therefore examined the potential of TRPM8 channel inhibition to either produce hypothermia by itself or to augment hypothermia produced by a TRPV1 agonist. TRPM8 is a cold-sensitive (< 28°C) ion channel found in cold-sensitive nerve fibers located in the skin and viscera (11) . TRPM8 channels are involved in the perception of cold (12, 15) and portions of the autonomic cold-defense response, including brown adipose tissue activation and cutaneous vasoconstriction (16) . Because ambient temperature during normal housing conditions is below the thermoneutral zone (30-34°C) in mice (35) , it is likely that a fraction of the TRPM8 channels located in superficial regions, such as the skin, are active and contribute to thermoregulatory balance at room temperature. We thus predicted that selective inhibition of TRPM8 channels would result in reduced activity along the cold-defense response pathways and thereby promote a decrease in T core . In our study, TRPM8 inhibitor "compound 5" resulted in a very slight drop in T core (0.8°C) at a dose of 30 mg/kg for mice maintained at room temperature (24°C), which is consistent with the hypothermic effect of other recently developed TRPM8 blockers (19, 36) . TRPM8 inhibition in a cold environment (8°C) still only produced a ~2°C drop in T core after a 2-hour exposure. Taken together, these findings support the recently proposed idea that although TRPM8 inhibition results in a mild drop in core temperature, it still leaves a substantial capacity to maintain T core in mild to severe cold environment through shivering thermogenesis (22) . Therefore, the potential for TRPM8 inhibition alone to produce hypothermia of therapeutic value (even in combination with external cooling) appears to be quite low.
In light of the limited potential of TRPM8 antagonists to promote clinically relevant hypothermia as a single agent, we sought to determine whether "compound 5" could be used as an adjuvant in DHC-mediated hypothermia. We reasoned that TRPM8 channels, located in skin nerve fibers and/or deeper structures such as spinal cord, could become activated as a result of DHCmediated hypothermia, thereby triggering some portion of the cold-defense response and attenuating or abbreviating the drop in T core . If this possibility is valid, blocking the TRPM8 channels should permit a greater or long-lasting drop in T core . To test this hypothesis, we administered bolus doses of DHC with or without pretreatment with "compound 5" and examined the depth and duration of hypothermia. With TRPM8 inhibition, the hypothermic response to DHC was significantly deeper and more prolonged. These data suggest a potentiating effect of TRPM8 channel inhibition on TRPV1-agonist-mediated drop of T core . Indeed, in the highest DHC dose group, pretreatment with "compound 5" significantly extended the time from DHC injection until recovery of T core to greater than or equal to 34°C to greater than 5.5 hours from a single bolus administration of DHC. Therefore, whereas pharmacological TRPM8 inhibition may not be a useful method to produce hypothermia by itself, it does appear to be an effective method to potentiate and prolong the effect of TRPV1 activation thereby reducing the required dose of TRPV1 agonist. As mentioned earlier, we propose the following mechanism for the potentiating effect of TRPV1 activation and TRPM8 inhibition: as the core temperature decreases following DHC administration, so does the temperature of deep (spinal cord) and superficial structures (skin) containing TRPM8 channels; TRPM8 channels are thus activated by this lowered temperature and recruit some level of compensatory thermogenesis (most likely in brown adipose tissue), which reduces the amplitude and duration of the DHCinduced hypothermia. However, the direct confirmation of this mechanism requires further study.
CONCLUSIONS
In summary, we present methods for producing PH in mice via TRPV1 channel activation to promote a rapid and sustainable drop in T core . These methods do not require heavy sedation or muscle paralytics to prevent the cold-defense response and are therefore compatible with the conscious, spontaneously breathing subject. Furthermore, these methods were effective with application on successive occasions and in a model of aging. Lastly, we demonstrate that TRPM8 inhibition alone was insufficient to produce hypothermia of therapeutic value. However, TRPM8 inhibition potentiated the TRPV1 agonist-mediated response to promote a deeper and more sustained hypothermia. Therefore, we propose that combined use of TRPM8 inhibitors and TRPV1 agonists may promote more effective hypothermia in conscious subjects with greatly reduced physiological stress associated with traditional physical cooling methods.
